Abstract. The results of two ionospheric simulations are compared with each other and with ionospheric observations of the southern hemisphere for the magnetic cloud passage event of January 14, 1988. For most of the event one simulation agrees with observations, while the other does not. Electric fields and electron precipitation patterns generated by a magnetospheric MHD model are used as inputs to a physical model of the ionosphere in the successful simulation, while empirical electric fields and electron precipitation are used as the inputs for the second simulation. In spite of ionospheric summer conditions a large and deep polar hole is developed. This is seen in the in situ plasma observations made by the DMSP-F8 satellite. The hole is surprisingly present during both northward and southward IMF conditions. It is deepest for the storm phase of the southward IMF period. A well-defined tongue of ionization is formed during this period. These features have been reproduced by the TDIM-MHD simulation and to a lesser extent by the TDIMempirical simulation. However, the model simulations have not been able to generate a storm enhanced density where one was observed by DMSP-F8 during the initial phase of the storm. The differences between the two F region ionospheric simulations are attributed to differences in the magnetospheric electric fields and precipitation patterns used as inputs. This study provides a unique first simulation of the ionosphere's response to self-consistent electric field and auroral precipitation patterns over a 24-hour period that leads into a major geomagnetic storm.
Knipp et al. [1993, 1994] used the AMIE technique to model the convection electric field in both hemispheres during this event; extensive observations were made by satellites of the ionospheric plasma flow and by radars (both coherent and incoherent) of the plasma flow and of ionospheric currents by ground-based magnetometers. Then using conductivity models based on empirical patterns and satellite measurements of the auroral precipitation the AMIE technique generated electric In this study the ionospheric response to magnetospheric forcing is simulated using the Utah State University timedependent ionospheric model (TDIM). The magnetospheric forcing is generated in two distinct ways. First, the electric field and electron precipitation patterns are obtained from the MHD simulation for January 14, 1988, based on the Naval Research Laboratory Magnetohydrodynamic (MHD) model. Second, the magnetospheric forcing is obtained from empirical models of the electric field and auroral precipitation which have been selected based on geomagnetic indices and solar wind parameters.
Ionospheric Model
The TDIM ionospheric model was initially developed as a + + midlatitude, multi-ion (NO +, 0 2 , N 2 , and O +) model by Schunk and Walker [1973] . The time-dependent ion continuity and m6mentum equations were solved as a function of altitude for a corotating plasma flux tube including diurnal variations and all relevant E and F region processes. This model was extended to include high-latitude effects due to convection electric fields and particle precipitation by Schunk et al. [1975 Schunk et al. [ , 1976 . A simplified ion energy equation was also added, which was based on the assumption that local heating and cooling processes dominate (valid below 500 km). Flux tubes of plasma were followed as they moved in response to the convection electric fields. The addition of plasma convection and particle precipitation models is described by Sojka et Interfacing the MHD output fields of electric field and electron precipitation was discussed at length by Sojka et al.
[1997] and Bowline et al. [1996] in the first TDIM-MHD study. The MHD model generates solutions every few tenths of a second which is considerably more frequent than the TDIM. Hence the temporal coupling is a matter of the TDIM selecting the appropriately timed MHD solution. The spatial interface is not as simple. The MHD output is an irregular grid in the ionosphere with roughly 400-km resolution. In contrast, the TDIM simulation output grid is an almost uniform 80 x 80 km grid, whereas the input to the TDIM is not a grid but needs to be a continuous function because the TDIM follows plasma flux tubes in a Lagrangian manner. Hence an interpolation technique is used to determine the electric field and electron precipitation over a continuous range of latitudes and longitudes. At this time, no feedback exists from the TDIM to the NRL MHD simulation.
January 14, 1988, Magnetic Cloud Passage

Event
Since a large body of research has been published on this event, especially its solar wind and magnetospheric attributes, these details are not repeated here beyond the summary in the introduction. Figure I In the second study a standard empirical approach was adopted whereby the electric field was represented by Figure 3 shows equipotential contour plots of six magnetospheric electric fields (with corotation added) for the MHD inputs (Figure 3a) and empirical inputs (Figure 3b) . The times of the six snapshots (panels) are those of the six event markers identified in Figure 1 and Table 1 
TDIM Simulations
The TDIM was run twice with different magnetospheric inputs for the January 14, 1988, magnetic cloud passage event. In both simulations the magnetospheric electric field and electron precipitation were varied in a manner intended to represent the magnetospheric response to the event. In the first study the electric field and electron precipitation were obtained from the NRL MHD model simulation of this event.
, Table 1 Figure 3 panels 1, 2, and 3 , would not bring the TOI back into the polar cap at midnight and hence would not be expected to generate this unusual reverse-flow TOI from a dusk sector draped TOI. However, it might be possible from a TOI that drapes around the dawn sector. Indeed such a feature is developed but does not show a particularly clear TOI signature; rather the high density filaments tend to straddle many convection paths rather than follow one path.
DMSP-TDIM Comparisons
Given that the two simulations are quite dissimilar in their F layer morphologies, the question to be addressed is: does These two data sets have almost the same dynamic range and apart from a shift in location of TOI can be considered a good equivalence. This is especially the case when they are contrasted with the relatively featureless empirically driven simulation (green line). In fact, the major feature in this case is an enhanced density in the dusk sector that corresponds to a SED [Foster, 1993] This took more than 12 hours since these flux tubes are corotating. Again, this puts the early time history of this region at a time prior to the simulation start when poor knowledge of the actual prehistory is available for both the convection and precipitation. For the empirically driven TDIM simulation (Plate 5b) the major difference is the presence of high densities in orbits 6 and 7 that occur across the polar cap. Such a density ridge is not observed at this time although it is found a few orbits later. This ridge is due to the Heppner and Maynard convection pattern that is producing a well-defined SED type feature that lines up with the satellite trajectory. This feature can be seen in Plate 2, lower set of panels labeled 1, 2, and 3.
At the onset of the storm when satellite orbits 8, 9, and 10 are just skimming the cusp-dayside oval, the TDIM shows highly depleted densities everywhere. However, the observations show a dusk region of enhanced densities, which are probably associated with the SED region that Foster [1993] finds that extends from the cusp to lower midlatitudes in the afternoon sector as a storm begins. Neither TDIM simulation has captured such a SED event.
From orbit 11 through 14 the storm has developed. The polar region is observed to be depleted with densities on both the dawn and dusk side dropping well below 104 cm -3. In the center of the polar region, or just to the duskside, a TOI density enhancement is observed with densities exceeding 105 cm -3.
These observations are well reproduced by the MHD-TDIM simulation. This agreement continues over three orbits, or 4 hours, and occurs during a major storm. The Dst is below -100T, and the Kp is above 6. There is no equivalent agreement between the empirically driven TDIM simulations and observations.
Discussion
The magnetic cloud passage event of January 14, 1988, i s ideal for demonstrating ionospheric response t o magnetospheric forcing in several different ways. First, the IMF rate of change is relatively slow with a time constant of the order of 1/2 to 1 hour. This time constant is almost the same as that of the F region. Hence the case can be made that the changing magnetosphere could be approximated by a series of steady states, i.e., empirical patterns. This is in fact the argument used to justify one of the two TDIM simulations. Second, the magnetic cloud passage has a northward IMF period followed by a southward period; the complex, but substorm free, northward period is not contaminated by longterm ionospheric-thermospheric changes that result from southward IMF storm periods. Hence the ionosphere's response to strong northward conditions lasting more than 10 hours can be studied relatively straightforwardly. A third reason why this is an ideal event lies in the extensive monitoring of the solar wind, magnetosphere, and ionosphere.
This has led to a series of research papers that have interpreted the magnetospheric response to the event [Cumnock et al., 1992; Freeman et al., 1993; Knipp et al., 1993 Knipp et al., , 1994 . In tt!rn, this has set the stage for this study which uses the NRL-MHD model magnetospheric electric field and auroral precipitation patterns as drivers for one of the TDIM simulations. This provides a unique first simulation of the ionosphere's response to self consistent electric field and auroral precipitation patterns over a 24-hour geriod that leads into a major geomagnetic storm. Given the favorable attributes of this event, an expectation exists to have good confidence in the MHD representation of the magnetosphere's morphology, the subsequent imposition of these electric fields and auroral precipitation into the ionosphere, and hence that the ionospheric simulation is well constrained in the dominant weather inputs for this event.
The TDIM simulations contrasting the MHD and empirical inputs are significantly different. The differences are on both a large morphological scale as well as fine structure differences such as the TOI. In comparing these simulations the dominant F region input is the electric field, both in frictional heating effects as well as transport effects.
In section 5 the comparisons emphasized the role of the electric field, while the auroral precipitation patterns was secondary in the F region. This would not be the case in the E region where the roles would almost be reversed. From a climatology point of view this study has been carrred out in the summer hemisphere which is usually viewed as being relatively smooth and not sensitive to weather, though this study clearly shows that even in sunlight significant weather features are imposed in the F region ionosphere. A polar hole is created in both the empirical and MHD simulation; the depths are clearly different with the MHD case being at least twice as deep. Even during the northward period, which would usually be viewed as relatively quiet, the MHD model develops many weather features that are based on highly depressed F region densities.
In this case the MHD reverse convection cells achieve 80 kV, a cross-tail potential magnitude normally associated with disturbed ionospheric features. These include the new reverse flow TOI feature.
Overall confidence in the TDIMs marked summer ionosphere response to the MHD magnetospheric drivers is given by the comparisons with the DMSP-F8 electron density observations at 840 km. Both weather features and large-scale morphology agree well.
The period of disagreement at the storm beginning, F8 orbits 8, 9, and 10, also occurs when the satellite is skimming the dayside auroral oval. This discrepancy is an indication either that the simulated electric fields in both the MHD and empirical cases have not expanded equatorward enough to reach the satellite or that neither electric field is able to generate the needed conditions to produce the SED feature [Foster, 1993] . This feature needs further follow up since it hinges upon how well the electric field model is able to penetrate to lower latitudes, including how it is shielded by the ring currents, the physics of which is missing from the MHD model and is not represented in the empirical model. Although during the event the empirically driven simulation does not agree with the MHD simulation it is only during the storm period that it appears to be unable to generate the observed features. This is an oversimplification; the empirically driven simulation results do show polar holes and tongues of ionization it is just that the magnitude, positioning, or orientation are not correct. Further work needs to be carried out to see if more sophisticated empirical models produce improved agreement (e.g., the more recent Weimer [1995] 
empirical convection model).
This study has achieved a milestone in that self consistent electric field and electron precipitation imposed upon the ionosphere have driven an ionospheric model to produce a weather morphology that does agree with ionospheric observations. Although not all encompassing this magnetosphere-ionosphere study has demonstrated that significant differences exist between climatological drivers and MHD drivers, even when the solar wind rate of change is 
